Phys Condens Matter 13: [3057][3058][3059][3060][3061][3062][3063][3064][3065][3066][3067][3068][3069][3070][3071] 2001). The excellent agreement, revealed by the different methods, indicates a large influence of structural and even local phenomena on the macroscopic mechanical properties. Therefore, this study indicates the importance of acquiring better knowledge about the mechanical long-term stability of radiationdamaged materials.
Introduction
The nesosilicate mineral zircon with the pure chemical endmember composition ZrSiO 4 is tetragonal (I4 1 /amd). The structure consists of chains of edge-sharing ZrO 8 dodecahedra and SiO 4 tetrahedra along the c-axis. The ZrO 8 polyhedra share edges along the b-axis (Robinson et al. 1971) . Natural zircon can incorporate up to 5000 ppm of the radioactive elements U and Th at the Zr site. Additionally, the zircon structure can be synthesized for pure end-member compositions of Hf, Th, Pa, U, Np, Pu and Am (Keller 1963; Walter 1965; Speer 1980; Speer and Cooper 1982; Weber 1990 Weber , 1991 Weber , 1993 Ewing et al. 1995; Anderson et al. 1993; Burakov 1993; Deer et al. 1997; Burakov et al. 2002) . Zircons crystallized from 'Chernobyl Lavas' have U-contents up to 12.9 wt% (Anderson et al. 1993; Burakov 1993 , Geisler et al. 2005 . Zircon is also important in geochronology, since the U/Th/Pb systematics are often well preserved (Faure 1977; Jäger and Hunziker 1979; Pidgeon et al. 1998 ). However, α-decay can lead to extensive damage that finally produces the amorphous or metamict state. The structural damage process has been described in great detail (Hawthorne et al. 1991; Ewing et al. 1995;  Abstract This study provides new insights into the relationship between radiation-dose-dependent structural damage due to natural U and Th impurities and the anisotropic mechanical properties (Poisson's ratio, elastic modulus and hardness) of zircon. Natural zircon samples from Sri Lanka (see Muarakami et al. in Am Mineral 76:1510 -1532 , 1991 and synthetic samples, covering a dose range of zero up to 6.8 × 10 18 α-decays/g, have been studied by nanoindentation. Measurements along the [100] crystallographic direction and calculations, based on elastic stiffness constants determined by Özkan (J Appl Phys 47:4772-4779, 1976) , revealed a general radiation-induced decrease in stiffness (~54 %) and hardness (~48 %) and an increase in the Poisson's ratio (~54 %) with increasing dose. Additional indentations on selected samples along the [001] allowed one to follow the amorphization process to the point that the mechanical properties are isotropic. This work shows that the radiation-dose-dependent changes of the mechanical properties of zircon can be directly correlated with the amorphous fraction as determined by previous investigations with local and global probes (Ríos et al. in J Phys Condens Matter 12:2401 -2412 Farnan and Salje in J Appl Phys 89:2084 -2090 , 2001 ; Zhang and Salje in J 1 3 Trachenko et al. 2001; Ewing 2007a Ewing , b, 2011 . The α-decay of the unstable nucleus generates two different types of particles, an α-particle, a 4 2 He 2+ core with an energy of ~4.5-5.8 MeV (for actinides) and a heavy recoil nucleus with an energy of ~70-100 keV. The smaller α-particle displaces only several hundreds of atoms, mostly at the end of its trajectory of ~15-22 μm, inducing Frenkel defects in the structure by elastic collisions. The heavier recoil nucleus, in spite of its lower kinetic energy (~86 keV for 235 U recoil from decay of 239 Pu), displaces several thousands of atoms in its path of ~30-40 nm. In zircon, ~5000 atoms are displaced per α-decay event (Farnan et al. 2007; Salje et al. 2012) . The different effects of the α-and α-recoil particles are due to the fact that the α-particle deposits most of its energy by ionization processes, whereas the recoil nucleus loses its energy by elastic collisions. Therefore, the recoil nucleus introduces atomic recoil or collision cascades into the ordered structure. The overlap of these disordered aperiodic regions finally saturates, and the long-range, atomicscale order is lost.
The amorphization process has extensively been studied in zircon by various techniques (e.g., X-ray diffraction, EMPA, calorimetry, nanoindentation, TEM, ultrasound wave velocity measurements, birefringence, and IR, Raman, photoluminescence, positron annihilation lifetime and NMR spectroscopy) (Holland and Gottfried 1955; Özkan 1976; Chakoumakos et al. 1991; Murakami et al. 1991; Ellsworth et al. 1994; Salje et al. 1999; Colombo et al. 1999; Ríos et al. 2000a, b; Zhang et al. 2000a Zhang et al. , b, c, 2002 Zhang et al. , 2004 Farnan and Salje 2001; Zhang and Salje 2001; Geisler 2002; Nasdala et al. 2002 Nasdala et al. , 2004 Palenik et al. 2003; Farnan et al. 2007; Smye et al. 2014; Lenz and Nasdala 2015; Roberts et al. 2016) . The combination of X-ray diffraction and spectroscopic techniques such as infrared (IR) and NMR has enabled the correlation of the amorphous fraction with the radiation dose (Ríos et al. 2000a; Farnan and Salje 2001; Zhang and Salje 2001) . Trachenko et al. (2001) used molecular dynamics to simulate the radiation-induced damage in zircon and found that amorphization is related to the degree of polymerization of SiO n in the damaged regions. This is in good agreement with NMR experiments and IR spectroscopic investigations, also indicating a polymerization of the amorphous phase (Farnan 1999; Farnan and Salje 2001; Zhang and Salje 2001; Farnan et al. 2003) . Heavy-ion-beam irradiation has been used to induce structural damage in zircon in comparison with natural α-decay-related damage (e.g., Weber et al. 1994 Weber et al. , 1999 Meldrum et al. 1998; Zhang et al. 2008a, b) . A number of studies have dealt with the thermally induced structural reorganization of the metastable radiation-damaged state in zircon (e.g., Weber et al. 1994; Colombo et al. 1999; Zhang et al. 2000b Zhang et al. , c, 2002 Zhang et al. , 2004 Geisler et al. 2001; Geisler 2002; Nasdala et al. 2002) .
The radiation-induced structural changes in zircon have been described on the one hand by the multiple overlap of displacement cascades (e.g., Weber 1990 Weber , 1993 Weber , 2000 Murakami et al. 1991; Weber et al. 1994) , whereas Ríos et al. (2000a) mentioned that the direct impact model provides a sufficient explanation. Accordingly, recoil-related discrete regions consisting of several thousand displaced atoms generate percolation paths by their overlap and create a composite structure of coexisting aperiodic and crystalline regions that are enriched in defects.
Zircon has extensively been studied because it is a highly durable phase with the ability to incorporate readily relative high concentrations of actinides, such as Pu (Exarhos 1984; Weber 1990 Weber , 1991 Weber , 1993 Anderson et al. 1993; Burakov 1993; Hanchar and Miller 1993; Ewing et al. 1995 Ewing et al. , 1996 Weber et al. 1998; Burakov and Anderson 1999; Ewing 1999 Ewing , 2001 Ewing , 2007a Burakov et al. 2002) . Therefore, acquiring better knowledge about the mechanical long-term stability, which is strongly influenced by radiation damage (see Özkan 1976; Chakoumakos et al. 1991; Oliver et al. 1994; Salje 2006) , is essential and constitutes the scope of this work. In this study, it was possible to calculate the anisotropic Poisson's ratios for uniaxial compression along and perpendicular to the optical c-axis with increasing degree of damage, using elastic constants determined by Özkan (1976) and a modified approach of Ballato (1996) for calculating orientation-dependent Poisson's ratios in the tetragonal system. Nanoindentation measurements of two different perpendicular orientations (along [100] and [001] ) enabled the determination of the evolution of the hardness (H) and the elastic modulus (E) with an increasing degree of radiation damage and decreasing density, hence an increasing degree of amorphization. Additionally, the region where the mechanical properties become isotropic can be determined. To our knowledge, this is the first time that the anisotropic mechanical properties of zircon as a function of radiation dose have been determined in detail.
Experimental

Zircon samples
The natural zircon samples used in this study are from gem gravels of the Ratnapura district in Sri Lanka. They have extensively been characterized and studied by Murakami et al. (1991) . Thirteen natural (sample nos. 4407, 4606, 4603, 4605, 4303, 4607, 4604, 4302, 4204, 4501, 4105, 4104 and 4102) and 1 pure flux grown single-crystal synthetic zircon (for details, see Zhang et al. 2008a ) have been selected for this study, to enable an investigation over the whole dose range from zero to 6.8 × 10 18 α-decays/g (Table 1 ). The selected ones and similar zircon samples from the same origin in Sri Lanka have already been studied in great detail, e.g., by X-ray diffraction, EMPA, calorimetry, nanoindentation, TEM, ultrasound wave velocity measurements, birefringence, and IR, Raman, photoluminescence and NMR spectroscopy (see Holland and Gottfried 1955; Özkan 1976; Chakoumakos et al. 1991; Murakami et al. 1991; Ellsworth et al. 1994; Salje et al. 1999; Ríos et al. 2000a, b; Zhang et al. 2000a Zhang et al. , b, c, 2002 Zhang et al. , 2004 Farnan and Salje 2001; Zhang and Salje 2001; Geisler 2002; Nasdala et al. 2002 Nasdala et al. , 2004 Palenik et al. 2003; Lenz and Nasdala 2015) . The average age of the natural samples is ~570 ± 20 M.y. (Holland and Gottfried 1955; Murakami et al. 1991) , and according to EMPA they are of near end-member composition with Hf as the major elemental impurity (~1-2.3 wt% HfO 2 ) (Murakami et al. 1991) . Further significant minor elements are P (≤0.11 wt% P 2 O 5 ), Th (≤0.12 wt% ThO 2 ), U (≤0.38 wt% UO 2 ) and Y (≤0.24 wt% Y 2 O 3 ) (Murakami et al. 1991 ). These concentrations correspond to maximum average end-member components of 2 mol% HfSiO 4 , 0.4 mol% YPO 4 , 0.3 mol% USiO 4 and 0.1 mol% ThSiO 4 (Murakami et al. 1991) . To enable an accurate comparison of the new results with those from the literature (e.g., Holland and Gottfried 1955; Chakoumakos et al. 1991; Murakami et al. 1991; Ellsworth et al. 1994; Salje et al. 1999; Ríos et al. 2000a, b; Zhang et al. 2000a Zhang et al. , 2002 Zhang et al. , 2004 Farnan and Salje 2001; Zhang and Salje 2001) , the calculated α-doses for Sri Lanka zircon from Murakami et al. (1991) were used in this study. Nevertheless, it should be noted that Nasdala et al. (2004) introduced a correction factor of 0.55 for zircon samples from this locality in order to calculate the effective α-dose, which considers intermediate thermal annealing.
Nanoindentation
The mechanical properties of zircon were measured using a Nanomechanics iNano nanoindenter equipped with a diamond Berkovich indenter tip, operated in the continuous stiffness mode (CSM). Using CSM, the sample stiffness (S) is measured continuously in the course of the loading process of the indenter (see Li and Bhushan 2002; Oliver and Pharr 2004) . A small dynamic oscillation is imposed on the force or displacement signal, and the amplitude and phase of the corresponding signal are measured with a frequency-specific amplifier. The measurements were taken on polished plane-parallel specimens [~(100) and, if possible, also (001)]. Depending on the particular sample size, 20-60 indents were made. The indentations were distributed over the entire sample surfaces in order to ensure significant average results. The instrument software calculated the hardness (H) and the elastic modulus (E) during the loading process according to Oliver and Pharr (1992) with where P is the imposed load and A is the projected contact area between the indenter and the sample determined from the shape of the indenter and using the Oliver and Pharr method (Joslin and Oliver 1990; Oliver and Pharr 2004) . The measured contact stiffness (S) is related to the elastic properties of both the sample and indenter and the contact area through (Sneddon 1965) (1) where β is a constant depending on the indenter geometry (for Berkovich geometry β = 1.034) (Pharr 1998 ) and E r is the reduced modulus given by where E i and ν i are elastic modulus and Poisson's ratio of the indenter, respectively (for the diamond indenter E i = 1141 GPa and ν i = 0.07), and E and ν are the elastic properties of the sample. E r considers that the elastic displacement takes place in the sample and in the indenter (Oliver and Pharr 2004) . The absolute accuracy of the measurements depends mainly on the accuracy of the determined contact area. Therefore, fused silica was standardly used as a reference material for calibrating the indenter. The resulting calibration measurements showed always the correct values. The used method after Oliver and Pharr (2004) is expected to be highly accurate for zircon, because the mineral behaves like the reference material (fused silica) on which the method is based. Hence, we do not expect extensive pile-up or sink-in. The shown H and E values in this study are averages from indentation depth of 200-300 nm. The measured elastic modulus is considered to be Young's modulus.
Results and discussion
Anisotropy of tetragonal zircon
Due to its tetragonal symmetry (I4 1 /amd), the mechanical properties of zircon are anisotropic. For this study, the orientation-dependent behavior parallel and perpendicular to the fourfold optical c-axis, piercing through the (001) crystallographic plane, is of interest, conditioned by the sample's geometries (cuts possible perpendicular to ~(001) and (100) crystallographic planes). In the following, this will be examined in particular for the Poisson's ratio (ν), elastic modulus (E) and hardness (H). All presented values are averaged over the whole respective measured sample side, which can be partially inhomogeneous (see Murakami et al. 1991) . Nevertheless, the low values for the errors in the measurements indicate good data quality (Fig. 1 ).
Poisson's ratio
The Poisson's ratio (ν) is defined as the negative of the ratio of the lateral contraction to the longitudinal extension of a material under a uniaxial stress (Love 1906; Greaves et al. 2011) . It is a measure of the materials resistance to volume change with its resistance to shape change (Greaves et al. 2011) . To calculate the different Poisson's ratios for stress along and perpendicular to the fourfold optical c-axis in zircon, the elastic stiffness constants (c λμ ) determined
by Özkan (1976) from ultrasound wave velocity measurements were first transformed into the corresponding elastic compliance constants (s λμ ) ( Table 2 ) (after Ballato 1996) . Subsequently, the ν for longitudinal loading along the fourfold c-axis (corresponding to indentation along [001]) can be calculated after Ballato (1996) by
The lateral strains along the c-axis and an axis perpendicular to it, resulting from a longitudinal loading imposed along an axis perpendicular to both, can be described by the following Poisson's ratios (Ballato 1996) To calculate the average ν for longitudinal loading along a direction perpendicular to the fourfold c-axis (in this study [100]), we need to average the strains over all transverse directions, leading to an average Poisson's ratio for this loading as follows:
Equations (4) and (6) (Table 2) . These values assume a highly crystalline zircon close to end-member composition (density ~4.675 g/cm 3 ) (Özkan 1976) .
Corresponding elastic modulus and hardness
As the impurity concentrations in the zircons studied by Özkan et al. (1974) and Özkan (1976) are very similar to the concentrations in the samples studied in this work (see Murakami et al. 1991) , a direct comparison can be made. Taking the calculated orientation-dependent Poisson's ratios into account, the orientation-dependent E of a pure synthetic zircon and a highly crystalline natural zircon (sample number 4407; see Murakami et al. 1991) were determined by nanoindentation measurements. They gave values for indentation along ~[001] (referred to as E [001] , with ν = 0.3) of ~407.4 ± 8.4 and ~400.3 ± 15.3 GPa, respectively (Table 1) . For indentation along ~[100], the elastic moduli (referred as E [100] , with ν = 0.175) were ~337.2 ± 4.2 and ~336.7 ± 8.7 GPa, respectively ( Table 1 ).
The measured orientation-dependent hardness values, referred as H [001] and H [100] , are for the synthetic sample ~22.5 ± 0.6 GPa and ~18.7 ± 0.4 GPa and for the highly crystalline natural sample ~22.9 ± 1.4 and ~20 ± 0.7 GPa, respectively ( Comparing the synthetic zircon with the highly crystalline natural zircon, a similar elastic modulus but a lower hardness could be observed. This indicates that the concentration of minor impurities in the highly crystalline natural sample has only a negligible influence on the stiffness; this is in good agreement with the findings of Murakami et al. (1991) , who reported a negligible effect on unit-cell parameters. H in contrast is increased in the natural sample, as expected, due to the obstruction of dislocation movement by the impurities and defects.
Effect of radiation damage
Poisson's ratio Özkan (1976) was able to measure the full elastic tensors of an undamaged sample and two radiation-damaged samples with decreased densities (referred to as samples 1, 2 and 3, respectively, after Özkan 1976) ( Table 2) . Following the previous calculations, the evolution of ν as a function of density could be analyzed (Fig. 2a) . Samples 2 and 3, with (Table 2) . After the dose-to-density relation of Murakami et al. (1991) , both samples have accumulated radiation doses of ~2.2 × and 3.1 × 10 18 α-decays/g, respectively. With an increasing amount of radiation damage and, consequently, decreasing density of the investigated zircon samples, it was unfortunately no longer possible for Özkan (1976) to determine the full elastic tensor (samples 4-7). Nevertheless, he could measure the longitudinal and shear wave velocities of a highly radiationdamaged zircon (sample 7; density 3.994 g/cm 3 ), which subsequently shows no persistent long-range order according to powder XRD measurements (Özkan 1976) . This is in good agreement with the results of Murakami et al. (1991) , which would give a density-related accumulated radiation dose of ~10.6 × 10 18 α-decays/g. This leads to an amount of >90 % amorphous fraction in the sample (Zhang and Salje 2001; Zhang et al. 2004 ). Therefore, we may assume that this highly amorphized zircon is now mechanically isotopic, which seems to be already true for zircons with densities around ~4.25 g/cm 3 (dose ~6.3 × 10 18 α-decays/g), as will be discussed. Hence, an isotropic ν of 0.27 could be assumed as calculated by Özkan (1976) (Table 1; Fig. 2a) .
Based on the discussed results, the approximate point of the radiation-induced anisotropic-to-isotropic transition for the mechanical properties can be determined. An isotropic Poisson's ratio of 0.18 was used for all measured E of both orientations (along [001] and [100]) (Fig. 3) . According to the sample geometries, it was only possible to measure the mechanical properties along and perpendicular to the fourfold axis for the synthetic sample and three natural samples with increasing radiation damage and decreasing density (4407, 4204 and 4105) (see Table 3 ). The resulting evolutions of E and H show a converging trend. The values of sample 4204 are already very close together, indicating a nearly isotropic state, while the values of 4105 perfectly match each other, proving that the mechanical properties are fully isotropic (Fig. 3) . This suggests the breakdown of the fourfold symmetry in an accumulated radiation dose range of ~5.2 × −6.3 × 10 18 α-decays/g, which is equivalent to a density range between ~4.4 and 4.25 g/ cm 3 (Murakami et al. 1991) and an amorphous fraction of between ~70 and 90 % (Zhang and Salje 2001; Zhang et al. 2004 ).
The observed increasing Poisson's ratio with increasing dose and, hence, decreasing density and degree of crystallinity (more defects in crystalline areas and growth of amorphous domains) in zircon is in good agreement with the findings of Greaves et al. (2011) , i.e., that ν increases with decreasing connectivity and dimensionality of the structural units (Fig. 2) . They also mentioned that in oxide glasses an increasing number of bridging oxygen atoms (n BO ) leads to a decrease in ν. Lorenzi et al. (2014) observed, for example, a decreasing Poisson's ratio with increasing density during the recrystallization of a-ZrW 2 O 8 related to the amount of n BO . In zircon, a model based on NMR results, simulations and IR spectroscopy (Farnan 1999; Farnan and Salje 2001; Zhang and Salje 2001; Trachenko et al. 2001; Farnan et al. 2003) suggests that the amorphous phase contains polymerized or connected SiO 4 tetrahedra. This could lead to a 'stuffing' mechanism, resulting from the remaining oxygen atoms, residing on interstitial positions in the structure (Farnan et al. 2003) .
The described dose-related increase in the Poisson's ratio and subsequent isotropification in zircon are correlated with a large increase in the amorphous fraction of up to ~90 % and an overall decrease in density of around 9 % (Murakami et al. 1991; Zhang and Salje 2001; Zhang et al. 2004) . These findings are supported by dose-dependent Raman spectroscopic measurements of the zircon samples similar to the samples used in this study, showing increasing mode frequencies with decreasing doses; hence, the samples are completely amorphous ). This is indicative of a higher-ordered structure with lower doses containing an increased amount of bonds and/or stronger ones, as compared with a more damaged material. The FWHM of the exemplary Si-O stretching mode increases with increasing dose, indicating an increasing amount of structural defects and disorder in the Si environment . Unfortunately, the present study, limited by the samples sizes, could only provide incomplete The observed decrease in the Poisson's ratio with increasing degree of crystallinity is accompanied by embrittlement, indicated by an increasing density of cracks during the indentation. This embrittlement depends on the degree of structural order and could also be observed in radiation-damaged titanite (CaTiSiO 5 ) (Beirau et al. 2016) . These findings are in good agreement with a possible metric valid for glasses and crystalline materials, as mentioned by Greaves et al. (2011) . This suggests that one should use a starting value of ν for anticipating mechanical changes, with a high ν for ductile materials and a low ν for brittle materials.
Corresponding elastic modulus and hardness
The orientation-dependent elastic modulus for each investigated sample (Fig. 1 ) was calculated with a ν determined on the basis of the correlation between the sample densities (from Murakami et al. 1991 ) and the density-dependent Poisson's ratios (Fig. 2a ) calculated as described above (see Table 1 ). As the damage curves in zircon have a sigmoidal shape (e.g., Murakami et al. 1991) , a simple sigmoidal Boltzmann or dose-response fit (OriginLab) of ν [100] as a function of density provides the Poisson's ratio for each point. From correlation with the elastic modulus values (with a tentative ν [100] of 0.18), measured in this study, the Poisson's ratio as a function of dose could be determined (Table 1) . Plotting the evolution of ν [100] as a function of dose against the amount of amorphous fraction, determined by diffraction and spectroscopic methods, e.g., XRD, NMR and IR (Ríos et al. 2000a; Farnan and Salje 2001; Zhang and Salje 2001) , shows a very good accordance of the trends down to densities of ~4.53 g/cm 3 (corresponding dose ~3.5 × 10 18 α-decays/g). This implies that the procedure is a useful approximation and gives accurate values in the region where Özkan (1976) could determine the full elastic tensor and in the isotropic region. In the intermediate region, one could expect the values for ν to be lower than predicted by the fit, following the evolution of the amorphous fraction (Fig. 2b) . In general, it should be noted that the influence of the Poisson's ratio on the values of E is overall only very minor (maximum observed change of ± 1.2 GPa with ν ± 0.01).
The nanoindentation measurements taken on zircons with an increasing degree of radiation damage reveal a noticeable decrease in the elastic modulus from ~336.7 to 260 GPa up to doses around 2 × 10 18 α-decays/g, corresponding to a density of ~4.59 g/cm 3 (Fig. 1) . The measured hardness seems to be only slightly affected by doses <1.5 × 10 18 α-decays/g and shows a beginning decrease around this dose (Fig. 1) . The observed behavior of E and H as functions of dose is in very good agreement with the findings of Murakami et al. (1991) and Weber (1993) that at lower doses the crystalline component dominates the overall density decrease or macroscopic swelling. This results mainly from the increasing amount of defects in the crystalline areas, expanding the unit cell accompanied by a decreasing bond strength and the breaking of bonds, which leads to the rapid stiffness reduction. This described contribution of the crystalline component starts to saturate around doses of ~2 × 10 18 α-decays/g. Raman spectroscopic results of Zhang et al. (2000a) verify this assumption, showing the steepest decrease in phonon frequencies and increase in width up to doses around ~2 × 10 18 α-decays/g with a subsequent beginning saturation behavior. Only above a dose level of ~1.5 × 10 18 α-decays/g, the amorphous component seems to contribute (Murakami et al. 1991; Weber 1993 ). This trend with increasing dose is in good agreement with the observed evolution of H (Murakami et al. 1991; Weber 1993) (Fig. 1) . At doses of ~1.5 × 10 18 α-decays/g, Zhang and could detect the arising of additional signals related to the amorphous phase in the IR spectra of zircon samples similar to those of this study. Exactly above this dose, the density starts to decrease considerably (Murakami et al. 1991) (Fig. 1) . Supporting the previous mentioned findings, in the dose range between ~1 × and 2 × 10 18 α-decays/g a noticeable increase in the amorphous fraction up to ~36 % was detected (Zhang and Salje 2001) . All of this implies that we could initially think of a defectrelated structural hardening, superimposing the amorphization-related radiation softening. With increasing dose and hence increasing amorphous fraction, this effect seems to weaken and the structural softening due to the amorphization becomes dominant. Additionally, an increase in the OH content could be observed starting at doses of ~1.5 × 10 18 α-decays/g (Zhang et al. 2002) . In radiationdamaged titanite, for example, the structural damagerelated incorporation of hydrogen (as OH or H 2 O) seems to make the structure, on average, more compliant and softer (Beirau et al. 2016) .
With increasing α-radiation dose, in the range between ~2 × 10 18 and 3.5 × 10 18 α-decays/g (e.g., amount of amorphous fraction 40-60 %) the slope of the evolution of the hardness changes and becomes steeper, as indicated by a noticeable drop from ~18.5 to 16.4 GPa (Fig. 1) . The stiffness and density seem to be only slightly influenced in this dose region, as indicated by their nearly stagnating trends, whose slope became steeper again at higher doses (>3.5 × 10 18 α-decays/g) (Fig. 1) . This is in good agreement with the findings of Murakami et al. (1991) that the contribution of the crystalline component of the overall density change enters saturation and later decreases, while the contribution of the amorphous part starts to increase more rapidly in this region. At around 3 × 10 18 α-decays/g, Murakami et al. (1991) indicated the transition from the defect (referred as stage I) to the collision cascades induced increase in the cell parameters (referred as stage II). The former induces lattice strain as the main feature and the latter decreases the grain size while increasing the aperiodic volume. Hence, the results imply that the crystalline regions become saturated by defects in this region, mainly influencing E and the density and leading to the stagnation. This is in contrast to the hardness, which seems to be more influenced by the increase in the volume of the amorphous domains and the incorporation of OH. The observed behavior of E and H is also in good agreement with the results of Weber (1993) , showing a saturation of the unit-cell volume expansion around a dose of 3.5 × 10 18 α-decays/g, as well as with Raman spectroscopic results of Zhang et al. (2000a) (the samples are the same as used in this study or comparable), showing a saturation of mode softening around this dose. This had been explained by a percolation model, predicting an upper limit for the local defect concentration in the crystalline domains to be reached at ~3.5 × 10 18 α-decays/g Zhang et al. 2000a) .
Taking the theoretical approach of Cazzani and Rovati (2005) ) . The calculated E [001] of ~400 GPa for a highly crystalline sample is in perfect agreement with the measured values in this study of ~400 GPa, as mentioned earlier. E [100] calculated for all three samples from Özkan (1976) (referred as samples 1,2 and 3) gave values of ~376, 304 and 235 GPa, respectively, while the trend of the nanoindentation results of this study as a function of density (Fig. 1) provides approximate values for E [100] of ~320, 270 and 240 GPa. This shows that, with decreasing density due to an increasing amount of radiation damage and amorphous fraction, the results of both methods converge. Possible reasons for the increasing differences with increasing crystallinity in this direction might be the embrittlement of the sample, leading to more cracking during indentation, as described previously, or in the difference in the measurement techniques; during nanoindentation, the stress state is not uniaxial-so the measured values include contributions from perpendicular directions, which could be more pronounced in a higher crystalline state and for loading directions perpendicular to the optical axis. Another possible explanation might be the structural inhomogeneity of the samples. Nevertheless, the overall agreement of the theoretical (Cazzani and Rovati 2005) and the experimental work (this study) indicates the correctness of the approach, i.e., to correlate the results of this study with the results obtained by Özkan (1976) .
At doses >3.5 × 10 18 α-decays/g, the first percolation point will be exceeded and the structure is supposed to collapse Zhang et al. 2000a) . This leads to a further decrease in E and H down to ~157 and ~10.5 GPa (for a radiation dose of ~6.4 × 10 18 α-decays/g), respectively, which is directly related to a further increasing amorphous fraction (Fig. 1) . Reaching radiation doses >6 × 10 18 α-decays/g, E and H begin to reach a saturation level, when the amount of the amorphous fraction reaches ~90 % and also saturates (Zhang and Salje 2001; Zhang et al. 2004) (Fig. 1) . The observed behavior of E and H is in good agreement with the findings of Chakoumakos et al. (1991) , who performed indentation measurements in zones of a zircon sample (Chakoumakos et al. 1987) , from the same locality as the one used in this study, with different degrees of structural radiation-induced damage (dose range 3.7 × −9.7 × 10 18 α-decays/g). Small differences in the measured absolute values could be explained by differences in the indentation depth, indentation device, method and/or contributions of neighboring zones.
The results of E and H obtained in this study and the calculated dose of 4.2 × 10 18 α-decays/g (Murakami et al. 1991 ) for zircon sample 4302 suggest that its density is higher than the measured density of 4.4 g/cm 3 (after Murakami et al. 1991) . A density around 4.45 g/cm 3 could be assumed from the results. However, the amount of material of 4302 was too small to repeat the density measurement.
Conclusion
Dose-dependent (0-6.8 × 10 18 α-decays/g) nanoindentation measurements along a [100] direction and calculations, based on elastic stiffness constants determined by Özkan (1976) , on zircon, revealed a general radiationinduced decrease in stiffness of ~54 % (~337-155 GPa) and hardness of ~48 % (~20-10.5 GPa) and an increase in the Poisson's ratio of ~54 % (~0.175-0.27) with increasing dose. This is consistent with the observed decreasing density and crystallinity (increased amorphous fraction >90 %) (Murakami et al. 1991; Zhang and Salje 2001) (Table 1 ; Figs. 1, 2) . Additional indentations on selected samples along [001] allow one to follow the amorphization process until the material's mechanical properties become isotropic, e.g., within the dose range of ~5.2 × −6.3 × 10 18 α-decays/g (Fig. 3) . The anisotropic Poisson's ratio, elastic modulus and hardness along [001] and [100] were determined for a synthetic and a highly crystalline zircon, indicating a defect-and impurity-related hardening of the natural specimens.
This work shows that the radiation-dose-dependent changes of the mechanical properties of zircon can be directly correlated with the amorphous fraction as determined by local and global probes, such as XRD, NMR and IR spectroscopy (Ríos et al. 2000a; Farnan and Salje 2001; Zhang and Salje 2001) (Fig. 4) . These measurements also correlate very well with calorimetric measurements of radiation-damaged zircon (Ellsworth et al. 1994 ) that were made in order to determine the stored energy values. The excellent agreement among the trends, revealed by the completely different methods, indicates the significant influence of the evolving radiation-induced structure on the macroscopic mechanical properties. 
